importance of cell-cell interactions in maintaining GI homeostasis, we also discuss how 30 GPCR/miRNAs interactions regulate gene expression at the cellular level and subsequently 31 modulate GI pathophysiology through molecular regulatory circuits and cell-cell interactions. 32
IBD is a group of chronic inflammatory GI disorders that includes Crohn's disease (CD) and 169
Ulcerative colitis (UC), characterized by periods of persistent inflammation followed by 170 remission. Studies have shown that miRNAs are differentially expressed in pediatric (65) and 171 adult (98, 124, 125) colonic tissues, suggesting that miRNA expression is differentially regulated 172 during colonic inflammation. NK 1 receptor is a GPCR from class A (rhodopsin-like) family and a 173 high affinity receptor for the neuropeptide substance P (SP). NK 1 receptors are expressed in 174 various GI cell types, including colonic epithelial cells (36, 132) , immune cells (116), fibroblasts 175 (17, 62), as well as in mesenteric fat depots (37, 115) and the enteric nervous system (101). 176
Thus, SP/ NK 1 receptor signaling is involved in a wide range of physiological responses 177 including motility, pain sensation, neurotransmission, and inflammation in the GI tract [reviewed 178 in (119)]. In cellular responses associated with inflammation, binding of SP to NK 1 receptor 179 activates the Rho family small GTPases and Protein Kinase C (PKC), leading to activation of 180 kinases in MAPK, NF-κB, AKT and JAK-STAT signaling pathways. Activation of these signaling 181 pathways, in turn, is linked to increased interleukin-8 (IL-8) and prostaglandin E2 synthesis via a 182 cyclooxygenase-2 (COX-2)-dependent mechanism (37, 132) . In addition, SP/ NK 1 receptor 183 coupling also transactivates EGFR in murine colonic fibroblasts (17). Interestingly, part of the 184 SP/ NK 1 receptor /miRNAs interactions represent a regulatory circuit on NK 1 receptor 185 expression. In human astrocytoma cells, for example, prolonged exposure to SP leads to a 186 reduction in NK 1 receptor expression, which coincides with an elevated expression of miR-449b 187 and miR-500 (105). Further bioinformatics analysis suggested NK 1 receptor as a direct 188 downstream target of both miRNAs and overexpression of miR-449b and miR-500 in human 189 astrocytoma cells reduced NK1 receptor expression and activity (105). This study demonstrates 190 the possibility that GPCR/miRNAs interactions can directly regulate GPCR expression in a 191 negative feedback manner. At present, the miRNAs that regulate NK 1 receptor expression in 192 human colonic epithelial cells or other GI cell types have not been identified. 193
The importance of NK 1 receptor signaling in IBD pathophysiology was demonstrated by the 194 ability of NK 1 receptor antagonist to attenuate mucosal healing in an experimental colitis mouse 195 model (64). NK 1 receptor expression is also increased in colonic tissues from experimental 196 colitis models and in the colon of IBD patients (29, 36, 99) . In addition, a recent study also 197
showed that SP/ NK 1 receptor signaling activation induced differential expression of 29 miRNAs 198 in human colonic epithelial cells, including miR-221-5p (29). MiR-221-5p is an oncogenic miRNAassociated with prostate, breast, and colorectal cancer (34, 127, 135) . In UC patients, miR-221-200 5p expression is increased in colonic tissues, alongside with expression of SP and NK 1 receptor 201 (29). SP/ NK 1 receptor-induced miR-221-5p expression is NF-κB-and JNK-dependent in 202 human colonic epithelial cells and directly targets on expression of IL-6 receptor (IL6R), which is 203 also downregulated in the tissues from colonic biopsies taken from UC patients, supporting the 204 notion that IL6R is a direct target of SP/ NK 1 receptor /miR-221-5p (29). Thus, expression levels 205 of SP, NK 1 receptor, miR-221-5p and IL6R can be used as markers of disease or disease 206 progression in UC patients. Recent development of intracolonic delivery of oligonucleotides in 207 vivo is shown to be mainly targeted at the gene expression level in colonic epithelial cells (47) . 208
Using this mode of delivery in experimental colitis mouse models, intracolonic administration of 209 locked nucleic acid (LNA)-antisense-miR-221-5p exacerbated colitis development, as shown by 210 increased proinflammatory cytokine expression and higher histology scores in colonic tissues 211 (29). Together, these results suggest that miR-221-5p is involved in the anti-inflammatory 212 network in colonic tissues comprised of SP/ NK 1 receptor /miR-221-5p/IL6R axis. 213
Several studies have shown that the 13-amino peptide/hormone neurotensin (NTS) is closely 214 associated to IBD pathophysiology. NTS is found in the ileum (97) and colon (18) while its high-215 affinity receptor, NTS 1 receptor (NTSR1), is also a GPCR member of the class A (rhodopsin-216 like) family (121) expressed in different colonic epithelial cell lines, colonic adenocarcinoma 217 tissues, as well as the enteric nervous system (2, 16, 38) . In human colonic epithelial cells, 218 NTS/ NTS 1 receptor coupling activates MAPK signaling (131, 133, 134) and AKT (2, 219 130), at least in part through Rho GTPases (133) and/or transactivation of EGFR1 (134) and 220 -R1 (130) . Activation of these signaling pathways regulates chloride secretion (102), 221 angiogenesis (3, 4), colonic inflammation (14, 18), wound healing (13) and tumorigenesis (2, 222 14). Importantly, NTS and NTS 1 receptor expression are increased in inflamed colonic tissues of 223 experimental colitis models and UC patients (13, 14, 18, 61) . 224
IGF
Recently, miRNA-associated epigenetic regulation induced by NTS/ NTS 1 receptor signaling 225 was studied in human colonic epithelial cells in vitro (2). The results demonstrated that 226 NTS/NTS 1 receptor signaling activation led to a simultaneous dysregulation of 38 miRNAs in 227 human colonic epithelial cells, including miR-210 and miR-133α (2). MiR-210 has been 228 previously associated to hypoxia, a process that plays a crucial role in regulating mucosal 229 homeostasis during colitis development (110), through hypoxia-inducible factor 1-α (HIF-1α) 230 (20, 25, 46, 67) . On the other hand, miR-133α expression is also closely related to the 231 development of colorectal cancer (26, 55, 87, 122) , in which IBD patients have a higher risk indeveloping. Similar to NTS and NTS 1 receptor, miR-210 and miR-133α levels are increased in 233 colonic biopsies from UC patients (3, 69), suggesting the possibility that they can be used as 234 biomarkers for UC. Along these lines, in vitro studies in human colonic epithelial cells show that 235 gene-silencing of miR-210 and miR-133α expression attenuates NTS-induced proinflammatory 236 cytokine production (3, 51). Importantly, in vivo intracolonic knock-down of miR-210 and miR-237 133α in colon tissues alleviated colitis development and reduced pro-inflammatory cytokine 238 production in colon tissues taken from experimental colitis mouse models (3, 69 In inflamed colonic tissues of experimental colitis mouse models and IBD patients, metabolism 263 shifts towards hypoxia, which promotes inflammation and pathogenic angiogenesis (22) . A 264 recent study shows that NTS/ NTS 1 receptor signaling activation promotes angiogenesis by (120)]. Previous studies showed that chronic stress activates CRF 1 300 receptor signaling and mediates the visceral hyperalgesia and inflammation in mesenteric 301 adipose tissue in rats (58, 68). Although little is known about the effect of chronic stress on 302 miRNA expression in intestinal and colon, chronic water avoidance stress in rats induces 303 visceral hyperalgesia and increases miR-17-5p expression in the dorsal horn of the spinal cord, 304 which subsequently is found to regulate IL-6 expression and STAT3 activity (12). More 305 importantly, reducing miR-17-5p levels in the spinal cord by intrathecal administration 306 exacerbates stress-induced visceral hyperalgesia, supporting the notion that miR-17-5p has a 307 potential modulatory role in stress-associated glial activity and neuro-immunomodulation (12). 308
On the other hand, acute stress induces glucocorticoid feedback and reduces CRF 1 receptor 309 expression by increasing miR-449a levels in the rat pituitary (89). In addition, UCN2 increases 310 miR-325-3p expression in rat pituitary cells in vitro and suppresses luteinizing hormone in rat 311 pituitary during acute stress in vivo (88). In summary, signaling activation and expression of 312 CRF receptors are associated to dysregulated miRNA expression in the central nervous system 313 during acute and chronic stress and possibly mediates downstream effects in the GI tract. 314 Therefore, it is likely that stress regulates miRNA expression in the enteric nervous system 315 along the GI tract and mediates localized effects. suggest that μ receptor /miRNAs interactions in neurons are regulated by μ receptor signaling 332 activation and peripheral inflammation. The role of miRNAs in the endogenous μ opioid system 333 expressed in the central nervous system was recently reviewed by Barbierato et al. (6) . The 334 enteric nervous system is an important component in GI tract associated with inflammation and 335 intestinal motility. Therefore, further studies on GPCRs/miRNAs interactions in the enteric 336 nervous system will contribute to our understanding on their role in maintaining GI homeostasis 337 and functions. 338
Micro-RNAs and GI cancers 339
According to WHO statistics, there are 774,000 and 754,000 deaths caused by colorectal 340 cancer and gastric cancer, respectively, in 2015 341
(http://www.who.int/mediacentre/factsheets/fs297/en/, Feb 9, 2017), making these two GI 342 cancers the third and the fourth most common causes of cancer deaths in the world. Table 1 colorectal cancer tissues when compared to non-neoplastic adjacent tissues (27). In addition, 371 miR-133b also directly regulates CXCR4-associated cell invasion and migration in vitro (27) . 372
These studies suggested that increased CXCR4 is associated with increased metastasis and 373 poor prognosis in human colon cancer, possibly by promoting cell migration due to the 374 downregulation of tumor suppressor miR-126 and miR-133b. In the above examples, miRNAs 375 expression induced by upstream signaling events or endogenously-expressed miRNAs directly 376 regulate CXCR4 expression in GI cancer cells and thus affect CXCR4-mediated cellular 377 functions along the GI tract. 
Clinical implication of GPCR/miRNAs interactions 427
As discussed in this review, studies with miRNAs identified novel GPCR signaling pathways as 428 participating in several important GI responses. Given the importance of GPCR signaling 429 activation in GI pathophysiology, components of GPCRs signaling pathways, including miRNAs,can be potentially developed into therapeutic targets or biomarkers of drug efficacy and GI 431 disease modulation. From the clinical perspective, since GPCR signaling pathways in GI tissues 432 are highly-regulated and organized in molecular regulatory circuits, measuring biomarkers 433 developed from a combination of miRNAs and other GPCR signaling components may 434 represent a more comprehensive view for GI disease prognosis. In the case of human colorectal 435 cancer, the study on NTS 1 receptor-associated miRNA expression in human colon cancer cells 436 provided evidence showing that the NTS-induced signaling pathway is activated in a molecular 437 regulatory circuit involving increased expression of miR-155 and miR-21 and AKT activity in 438 vitro (2). To associate these gene expression changes to human colon cancer development, 439 expression of NTS 1 receptor, miR-155 and miR-21 were examined and found upregulated 440 significantly in human colon tumors when compared to normal colon tissues. Furthermore, the 441 expression of these two miRNAs are positively correlated to NTS 1 receptor expression in human 442 colon tumors, while the expression of all these genes is also correlated with tumor stages (2). 
